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The self-assembling properties of a core-shell system are considered to be the 
most desirable characteristics that allow using this class of polymers in different 
applications. New hairy nanoparticles (HNPs) with hydrophobic polystyrene cores (PS 
Cores) and hydrophilic poly(2-hydroxyethylmethacrylate) (PHEMA) shells were 
synthesized by coupling polymerization methods. Living anionic polymerization in one-
pot step was used to synthesize cross-linked polystyrene cores functionalized with 
hydroxyl groups and atom transfer radical polymerization (ATRP) was then carried out to 
prepare PHEMA hairs following the grafting form technique. The structural 
characterizations were carried out by FT-IR and NMR spectroscopy (1H NMR, 13C NMR, 
APT 13C NMR and 1H 13C HMQC). Dynamic light scattering measurements of obtained 
HNPs show small increase in the order of nanometers of their hydrodynamic radii after 
the grafting. Thermal properties were studied by TGA and DSC. The thermal stability of 
ii 
 
PS cores was affected by functionalization with the hydroxyl group. However, the 
stability of the PS core was not affected by grafting of PHEMA on their surfaces. DSC 
thermograms of the HNPs show two distinct transition temperatures corresponding to 
glass transition temperatures (Tg) of a PS phase and of a PHEMA phase indicating the 
formation of a hydrophobic-hydrophilic phase separated system. SEM and AFM were 
utilized to study the morphologies and self-assembly of nanoparticles. The self-
assembled HNPs morphologies were dependent on the solvents used. 
Complexes of the synthesized HNPs and R- or S-mandelic acid were prepared and 
characterized by circular dichroism (CD) and AFM. CD was used to study the induced 
chiral properties of the complexes. The CD spectra indicated the formation of 
enantiomeric chiral structures and the AFM images show toroidal self-assembled 
structures. Polymer blends of polystyrene functionalized with hydroxyl groups and 
PHEMA show different morphology and different thermal properties than the core-shell 
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More than a half-century after Feynman gave a talk called “There’s Plenty of 
Room at the Bottom,” nanoscale research has been developing at an ever expanding rate.1 
Nanoparticles with dimensions between 1 to 100 nm are among the most important focus 
within the area of nanotechnology. Nanoparticles have much better properties than the 
bulk materials and in some cases show novel properties. The synthesis, assembly, 
characterization, and applications of nanoparticles have been discussed in great detail.2,3 
Hairy-nanoparticles (HNPs) which fall under the category of nanoparticles can be 
broadly defined as comprising a core (inner material) and a shell (outer layer material). 
The synthesis of hairy-nanoparticles (HNPs) has recently gathered great scientific interest 
with a view towards new opportunities for constructing functional nanostructured 
materials. The core-shell nanoparticles have been of interest because they can exhibit 
superior properties arising from the combination of characteristics and properties for core 
particles and polymer components.4,5 They possess unique chemical, physical, or 
biological properties due to their small size (10 nm to 100 nm), the increasing surface 
area to volume ratio and the presence of multiple functionalities on the shells, resulting in 
their presence as active materials in various areas of modern technology6,7 such as 




nanocarriers for drug and gene delivery.12,13 Nanoparticles with their unique 
multifunctional and self-assembling properties have been widely used as valuable 
building blocks with great potential. Molecular self-assembly can be across all scale 
length with different shapes.14  The assembly of building blocks which  may comprise of 
atoms, molecules, nano- and microscale structures into macroscopic structures is an idea 
that runs through chemistry, biology and material science.15 Linking materials` behaviors 
to the spatial arrangement of their fundamental building blocks are difficult to predict.16 
The desire to control polymer properties through the synthesis of linear or graft block 
copolymers, complex macromolecular architectures and polymer blends is a continuing 
topic throughout polymer chemistry. In such systems macroscopic phase separation is not 
possible, so the polymers instead self-assemble into ordered domains.15,17-19 
At the nanoscale, the ability of polymeric nanoparticles to assemble from blocks 
to generate functional materials that in turn lead to significant improved functional 
properties of the nanoparticles.20 This unique self-assembling property can adopt a broad 
variety of morphologies, such as, lamellar, toroidal, cylindrical and spherical structures 
depending on the type and relative volume fractions of the blocks.21-24 In addition to the 
type and macrostructure of the block copolymers, nanoparticles self-assembly process 
could also be triggered by environmental factors including temperature, pH or solvent 
polarity in a broad range of applications.25 Structure-property relationships of copolymers 
was always an important topic for polymer chemists and physicists. Due to the 
development of polymerization techniques and combination of polymerization methods, a 




The great progress in ionic polymerization techniques, in particular anionic 
polymerization of vinyl monomers, allowed  the preparation of well-defined polymers 
with controlled chain end functionalities, thereby modifying the surface properties of the 
particles.27,28 The development of ATRP as the most often used controlled/living radical 
polymerization methods allowed the synthesis of well-defined block and graft 
copolymers and thus alter the properties of particles and creating new assemblies.29,30  
The synthesis, design and characterization of nanoporous materials have been of 
interest due to their wide range of applications in biosensing,31,32 catalysis,33,34 drug 
delivery,35 and optics.36 Most of  these applications require control in the pore size, 
functional membrane surface, chemical and thermal stability.37,38 It has been 
demonstrated that an amphiphilic phase separated copolymer PS-b-PHEMA synthesized 
by ATRP has the ability to form self-assemble into honeycomb patterned porous 
membranes.39 From the perspective of functional bionanomaterial engineering, the 
copolymer PS-b-PHEMA are of broad potential interest. Okano and co-worker reported 
that the copolymer showed excellent antithrombogenic properties in vitro examination.40  
If the production of a material results in the improvement of performance with a 
cheaper delivery of service, that material becomes more attractive and profitable. 
According to numerus studies, the complexation of polymers with chiral materials to get 
chiral polymeric structures has been achieved.41 These compounds with interesting 
assemblies and chiral properties may be used in numerous potential application, such as, 
recognition, chiral sensor and chiral separation, as chiral stationary phases for liquid 




pharmaceuticals and biomolecules because most of racemic mixtures of pharmaceuticals 
have different biological activity.44,45 Again, if polymer materials interacts with non-
covalent interactions, e.g. blending polymer, there can be a significant improvement in 
the properties as well as creating special self-assemblies. For instance, a new self-
assembly structure of a polymer blend which possesses potential applications both in 
drug delivery and water treatment have been reported. The self-assembly was studied by 
transmission electron microscopy.19 Lastly, the research area of core/shell nanoparticles 
have continued to produce breakthrough discoveries because of the synthesis, properties, 
modification, and applications of this new class of nanomaterials. 
1.1 Objective of Study  
Since styrene is a cheap and versatile monomer, many copolymers and blends are 
produced with polystyrene as an important component.46,47 In this study, we report the 
synthesis and characterization of core/shell PS Core/PHEMA nanoparticles. The 
characterization also goes to the PS Core-OH/ PHEMA blend.  
This project is broken down into three parts. In the part 1 of this dissertation, the 
cross-linked polystyrene cores hydroxyl functionalized with hydroxyl group (PS Core-
OH) was synthesized via living anionic polymerization. In the second part of this 
dissertation, the ATRP initiator was prepared by esterification reaction between PS Core-
OH and 2-bromopropionyl bromide. Then, PS Core-Br nanoparticles were used to initiate 
ATRP polymerization to graft PHEMA on the surfaces of PS core particles.  
The obtained structures were investigated by Fourier Transform Infrared Spectroscopy 




determined by thermal gravimetric analysis (TGA). The phase transitional temperatures 
were determined by differential scanning calorimetry (DSC). The size particles and the 
hydrodynamic radius were measured by dynamic light scattering (DLS). Scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) were used to study 
morphologies and self-assemblies.  
In the third part of this dissertation, complexes of the synthesized HNPs or PS 
Core-OH, with S or D-mandelic acid were prepared and their chiral properties were 
measured by using circular dichroism (CD) spectroscopy. Also, the preparation of a 

















2.1 Hairy Nanoparticle Systems  
In recent years, intense interest has been focused on hairy nanoparticles (HNPs). 
Hairy nanoparticles have a core-shell system, a central core surrounded by grafted linear 
polymer chains ranging from low to high molecular weight (Figure 2.1). The polymer 
chains do not only provide forest-like shells to isolate their cores, but also interact with 
environments and support functions.2,8,48 The core-shell nanoparticles systems of different 
shapes (sphere,7 cube,49 prism,50 disk,51 rod,52,53 tube,54 etc.) and sizes have been 
reproducibly synthesized, depending on different parameters, by rationally designing the 








The core-shell nanoparticles can be divided depending on their material 
composition into four classes: inorganic-inorganic, inorganic-organic, organic-inorganic 
and organic-organic. Organic-organic core-shell nanoparticles in which both the core and 
shell particles are made of polymers are known as smart particles. Particle sizes, shapes, 
and surface properties of polymeric nanoparticles have been designed and controlled by 
using varied methods.5,6  
In the last two decades several methods have been developed to prepare 
polymeric nanoparticles with diverse structures and functions. The synthesis of 
nanomaterials and the fabrication of nanostructures can be achieved using two general 
approaches: top-down and bottom-up as can be seen in Figure 2.2.56  
 
Figure 2.2. Top-down and bottom-up approaches.56 
The first is top-down: that is the breaking down of a large system (macroscopic) 
to get nano-size particle. The most used top-down approach is photolithography,57 laser-
beam processing,58 and mechanical techniques.59,60 The second strategy is bottom-up: that 




conformation. The most common bottom-up approaches are chemical synthesis, chemical 
vapor deposition, laser-induced assembly, self-assembly, colloidal aggregation, film 
deposition and growth.61,62 There is no preference for any method to obtain the final 
desired structure because each approach has advantages and disadvantages. 
The most common process to produce HNPs is by a sequential pathway: one-pot 
or two-pot procedures.7 The one-pot procedure is rapid, straightforward and quantitative 
and in which the HNPs can be synthesized in just one reactor with no need for separation 
and purification of intermediates. Min and co-workers synthesized hairy nanoparticles 
with methyl methacrylate cores and poly(n-butyl acrylate) shells by ATRP in the one-pot 
synthesis approach.4 In addition to ATRP, living anionic polymerization has used to 
prepare hairy nanoparticles via the one-pot procedure.55 In the two-pot procedure, the 
HNPs can be produced by synthesis, isolation, and purification of the core particles and 
then the synthesis of hairs, or grafted linear polymer chains, from the particle surface.4  
Generally, there are primarily two synthetic approaches to prepare polymer-
coated nanoparticles: the grafting from method and the grafting to method (Figure 2.3).63 
In the grafting to mechanism, the preformed polymer chains with a reactive end group, 
side chains, react with complementary group on the core surface and in this strategy the 
molecular weight and polydispersity index can be better controlled.64-66 The grafting to 
route is simple and uses for a monolayer shell coating.2 Experimentally, it is restricted 
due to  steric repulsions of preformed polymers, resulting in  low grafting densities and 
thus thick and dense polymer layers are difficult to achieve. Furthermore, the attachment 




difficult with increasing polymer molecular weight.64 In the grafting from method, 
polymer chains are grown from the initiator-functionalized surfaces on the core by typical 
polymerization methods. It is the favored synthetic method to produce polymer brushes 
with high grafting densities,64,65 and uses for multilayer shell coatings.2 Each method has 
inherent uniqueness that can meet the requirements for specific applications of the end 
product.67  
The polymer brushes are homopolymers, copolymers or mixed polymers, which 
can be prepared by grafting to method or grafting from method by preparing a surface 
with two different initiator sites for different monomers.68,69  
 
 
Figure 2.3. Different strategies for NP surface grafting with a polymer. 
Controlled/living polymerization (CP) techniques, which are chain polymerization 
method due to the absence of any spontaneous termination reaction,70,71 have been 




the synthesis of tailored brush polymers with unprecedented control over thickness, 
compositions and architectures.2,64 Examples include anionic polymerization,72-75 cationic 
polymerization,76-78 ring-opening polymerization,79-81 ring-opening metathesis 
polymerization.82-84 and controlled radical polymerization.85  
2.2 Controlled/Living Radical Polymerization (CRP)  
 
Free radical polymerization is an integral part of polymer chemistry and one of 
the most widely used industrial polymerization methods. The advantages related to the 
mechanism of this technique over other polymerizations are the insensitivity to monomer 
and solvent impurities, removal of oxygen is necessary, the applicability of many kinds 
of vinyl monomers in the structure to polymerize and copolymerize under simple 
conditions. On the other hand, free radical polymerization fails to synthesize high 
molecular weight with extremely low polydispersity.86,87  
The polymerization where no termination takes place and the reaction proceeds in 
a control manner and continues until all the monomers are consumed, are termed living 
and this type of polymerization can be stopped and restarted at any time.86  
Evidently, the controlled/living radical polymerization (CRP) 71,88 techniques have 
been developed to provide additional advantages for grafting from mechanism and 
interesting application of CRP is the synthesis of a variety of hairy nanoparticles.89-91 
Stable free radical polymerization (SFRP), most commonly nitroxide mediated free 
radical process (NMP),92,93 atom transfer radical polymerization (ATRP) 94-97 and 
reversible addition fragmentation chain transfer polymerization (RAFT)98,99 are the main 




2.2.1 Atom Transfer Radical Polymerization (ATRP)  
One of the most widely studied and used controlled radical polymerization 
techniques is atom transfer radical polymerization (ATRP). Thanks to the rapid progress 
of the ATRP technique, it has now become a highly efficient method.29,30 In 1995, ATRP 
has been investigated since it was firstly developed by Sawamoto et al. when they 
polymerized methyl methacrylate and used RuCl2(PPh3)3/Al(O-iPr)3 as a catalyst system 
and CCl4 as intiator.
100 The second report was by Matyjaszewski et al. used CuCl/ 2, 2’-
bipyridyl as a catalyst system in the polymerization of styrene initiated by 1-phenylethyl 
chloride.101 The ATRP system is composed of monomer, initiator and catalyst (a metal 
with a suitable ligand) and can be performed in both polar and non-polar solvents.29 
Mechanistically, ATRP is based on the generation of radicals of transition metal complex 
(Mtn /L, where Mtn is the transition metal species in low oxidation state n and L is a 
ligand) by a reversible redox reaction. Transfer of an atom (usually halogen, X) from a 
dormant species (R-X) to the metal results in an oxidized metal complex (X-Mt n+1/L) 
and free alkyl radical (R*). The generated radical can then initiate the polymerization by 
adding a vinyl monomer, propagate, and terminate by either combination or 
disproportionation or reversibly deactivated by the higher oxidation state metal complex 






Scheme 2.1. The general mechanism of ATRP 
The rate of an ATRP (Rp), growth rate of polymer chains, depends on the concentrations 
of monomer (M), the growing radical (R*), and the rate constant of propagation (kp), as 
can be described by Equation 2.1.106 
𝑅𝑝 =  − d[M]/dt = 𝑘𝑝 [M][R
∗ ]                                                   Equation 2.1 
As can be shown in Equation 2.2, the radical concentration is affected by the ATRP 
equilibrium constant (Keq = kact / kdeact) and the concentration of dormant species (R-X).
 
102,105,107 
𝑅𝑝 =  𝑘𝑝 [M][R
∗ ] = 𝑘𝑝𝐾𝑒𝑞 (
[RX][Mtn/L][M]
[X−Mtn+1/L]
)                                   Equation 2.2 
  
If Keq is too large, the radical concentration will increase which leads to a large amount of 
termination and lack of control and if it is too small, the polymerization will be very 
slowly or will not occur .The dispersity of molecular weight (Mw/Mn) of polymers 
prepared by ATRP decreases with increasing of monomer conversion (p), reducing the 
concentration of the dormant species and increasing the concentration of deactivator, as 











− 1)                   Equation 2.3 
 A range of vinyl monomers  have been successfully polymerized via ATRP such 
as styrenes,109,110 acrylates,111-113 (meth)acrylates,114-116 acrylonitrile,117,118 and 
(meth)acrylamide119,120 and other monomers which contain substituents on a vinyl 
group  that can influence reactivity of stabilization of the propagating radicals. Some 
examples of monomers that have been polymerized with atom transfer radical 
polymerization are shown in Figure 2.4.121 
 
Figure 2.4. Examples of monomers that can be polymerized with ATRP. 
In ATRP, to obtain well-defined polymers with a low polydispersity, the initiator 
should be consumed early in the reaction, fast initiation, and then the initial initiator 
concentration is equal to number of growing chains. Another important factor is that the 
initiator ability to form side reactions should be little or absent. Alkyl halides (RX) are 




make them efficient ATRP initiators.71,86,102,121 The reactivity of alkyl halides relies on 
degree of substitution and follows the order of tertiary > secondary > primary.86,102 The 
initiator may contain more than a halogen atom, which works as nucleophilic substitution 
center and converts to other functional groups. The advantages of those initiators are that 
the preparation of end-functional (telechelic) polymers via ATRP.122 Some examples of 
ATRP initiators are shown in Figure 2.5. 
                                                 
 Figure 2.5. Examples of alkyl halide ATRP initiators.102 
A large variety of ligands have been used in ATRP together with transition 
metals, the most commonly used is copper.122 The ligands are an important part of the 
ATRP system and play a critical role in ATRP by adjusting of the solubility of the metal 
ion in the organic reaction media, by controlling of the redox chemistry of the metal 
complex.123 Phosphorus-based ligands work particularly well in complexes for  most 




palladium129 and rhodium130,131 while nitrogen-based ligands are used to yield more 
reactive catalysts with copper and iron metal (Figure 2.6).123,124  
                                                               
Figure 2.6. Examples of nitrogen-based ligands. 
2.3 Living Anionic Polymerization (LAP) 
Living Anionic polymerization is one of the most powerful synthetic techniques 
in polymer science. It is a polymerization method that proceeds in the absence of 
termination and chain transfer and in which the chain propagation occurring by the 
repeated attack of a carbanion on a monomer. The interest in anionic polymerization 
started early since 1910.132 In a series of developments, living anionic polymerization was 
born by Szwarc. In his work, he polymerized styrene without inherent termination and 
transfer reactions in THF.133 LAP can provide a thousand different polymeric materials 
with very good control of the molecular weight, molecular weight distribution, 




hyperbranched).134-136  Such advantages make living anionic polymerization very 
attractive for the synthesis of model polymers that are necessary for establishing 
structure-property.137 The anionic living  polymerization must be carried out under an 
inert atmosphere or high vacuum conditions with high purity solvent and reagents and 
ultra-cleaned glassware  to avoid termination of anionic propagating species due to 
reactions with oxygen, carbon dioxide and water.137,138  
  The monomers that can be polymerized anionically are capable of stabilizing 
carbanionic species under polymerization conditions. The two main classes of those 
monomers are vinyl monomers, which polymerize by reforming their double bond as a 
single bond plus a bond to another monomer134, and cyclic monomers, which polymerize 
by opening their ring system and form a longer polymer chain.139,140 The substituted α-
olefin monomers with electron-withdrawing groups (aromatic rings, double bonds, 
carbonyl, ester, cyano, sulfone groups, as examples) promote the anionic polymerization 
by stabilizing the propagating active center which are ready for  nucleophilic attack from 
other species (Figure 2.7).137,141,142 Furthermore, functional monomers  carrying acidic or 
electrophilic substituents such as OH, SH, SiOH, NH2, CCH, CHO, COR, and COOH are 
incompatible with anionic initiators and propagating anionic species.137,142,143 However, 






Figure 2.7. Major classes of vinyl monomers and their corresponding propagating 
anions. 
The initiation reaction which is the first step is fast, compared to the rate of 
propagation, and is not affected in the overall rate of the polymerization. The alkyllithium 
compounds are the most frequently used class of anionic initiators. The carbon- 
lithium bonds which exhibit properties of both covalent and ionic bonds make them 
unique compounds.170 The order of reactivity of some commonly used alkyllithium 
initiators for the anionic polymerization of styrene is shown below. 
menthyllithium > sec-BuLi > i-PrLi > i-BuLi > n-BuLi > t-BuLi. 
The sec-BuLi initiator is a commonly used initiator in the anionic polymerization of 
styrene and diene monomers.145 The radical anions are another class of initiators 




radical anion is formed by reaction of naphthalene with Na metal, sodium naphthalenide 
(Figure 2.8). 146   
 
Figure 2.8. Sodium naphthalenide. 
The proper selection of solvent is a very important issue for the living anionic 
synthesis due to effect of solvents on the solvation and aggregation of anionic species. As 
an example, the anionic polymerization of styrene using alkyllithium as initiator strongly 
depends on the polarity of solvent. In a polar solvent, like THF at low temperature (-78 
°C), the polymerization is very fast and in nonpolar solvents, such as benzene and 
cyclohexane at room or higher temperature, it is slower.134,147  
Many functional groups can possibly be introduced as electrophiles to anionic 
living polymers resulting in the synthesis of end-functionalized polymers with predictable 
molecular weights and narrow molecular weight distributions.27,28 Polymers or 
copolymers with different functional groups are much interest. These capped groups 
often show improved properties for the polymer molecules and  make possible many 
fantastic applications.27 A variety of end-functionalized anionic living polymers have 
been made and reported.148-150 The most successful examples are hydroxyl,151-154 amino27 
and carboxyl,155 1,3-butadienyl and anhydride28 end functionalized polymers. Although, 
there are many advantages for controlled radical polymerization, anionic polymerization 




2.4 Polystyrene Core, Cross-Linked Styrene-Divinylbenzene Copolymer, (PS Core) 
Polystyrene is one of the more famous polymers because it has very distinct 
characteristics such as hardness, transparency, and moreover, its production is not 
expensive. On the other hand, it is not without flaws thus its applications has 
boundary.156,157 In order to adjust both chemical and physical properties of polystyrene 
which are an essential for wide polymer applicability, divinylbenzene (DVB) has been 
used to cross-link styrene (Figure 2.9).158-161 Cross-linked styrene-divinylbenzene 
copolymer, polystyrene core, can be copolymerized by various mechanism such as 
anionic polymerization,162 radical polymerization,163 and atom transfer radical 








Crosslinked polystyrene particles have been widely used due to their distinct 
properties in multiple fields such as ion exchange resin, polymer reagent, polymer 
catalyst, macromolecular adsorbent and polymer support materials. Styrene has been 
copolymerized with different content of divinylbenzene and their properties have been 
studied.158-161 For example, the glass transition temperature (Tg) as an important 
parameter of polymers was investigated by differential scanning calorimetry (DSC) for S-
DVB copolymers particles with different DVB content. It found that with the increase of 
DVB consumption, the cross-linking density of the particles increases resulting in 
decreasing the segmental mobility of the polystyrene chains. This fact suggests that the 
glass transition temperature increases as DVB concentration content increases.163,165 
Thermogravimetric analysis (TGA) as another thermal behavior of the S-DVB 
copolymers was also studied to measure influence of the crosslinking density. The result 
was, the thermal stability of the S-DVB copolymers particles increases as DVB content 
increasing.64,40 More interesting is that the porosity and the surface area of S-DVB 
copolymers particles increases with high divinylbenzene concentration.166,167 Those 
properties make them attractive for numerous fields, such as separation process including 
liquid chromatography techniques168 and ion-exchange resins.169 
Because of its easy availability and its inert nature, polystyrene is the most studied 
polymeric material and it can be either core or shell. Cross-linked styrene-divinylbenzene 
copolymer is used as core to prepare various core-shell nanoparticles with well-defined 
architecture. Polystyrene-cored HNPs with polybutadiene shells were anionically 




particles.138 with similar procedure, the polydimethylsiloxane brushed on the polystyrene 
cores surfaces have been prepared. The core-shell system was studied for their particle 
size and self-assembly in different solvents,55 on the other hand, atom transfer radical 
polymerization used to grafting poly( acrylate amide) shell (soft ) onto polystyrene core 
(hard) in which the core provides rigidity and the shell confers self-healing properties.170 
 
 
 Figure 2.10. AFM image of hairy particles of PS cores- polybutadiene shells. 
 
Grafting of the PS core with copolymer is another aspect for hairy nanoparticles. 
Poly(styrene-b-glycidylmethacrylate) brushes were produced by grafting from PS core by 
atom transfer radical polymerization. The system was examined in biological application 
as the immobilization of lipase (Figure 2.11). 171 
 
 




 Improvement of the properties of PS nanoparticles by introducing functional 
groups on their surfaces offers several significant advantages that open the door for many 
applications. As example, aminophosphonate group (-CHPO(OR')2(O)R'NHR) was 
functionalized on the surface of styrene-divinylbenzene copolymer in order to study their 
effect on metals complexation and on catalytic properties.172 Furthermore, PS cores were 
functionalized with different bromoester groups in order to use as macroinitiator for atom 
transfer radical polymerization.170 
2.5 Poly(2-hydroxyethyl methacrylate) (PHEMA) 
PHEMA is an important functional polymer and it is hydrophilic,40 nontoxic and 
biocompatible.173 It has a lot of properties suited for different purposes.174 PHEMA 
exhibits perfect mechanical properties, excellent oxygen permeability, favorable 
refractive index value175,176 and resistance to degradation.177 The distinguishing property 
of this polymer is its ability to form hydrogel in water178 which makes it a major 
component for a variety of medical applications mainly in contact lenses, tissue 
engineering, dressings and drug delivery.177,179 The applications of PHEMA as hydrogels 
started after half a century of PHEMA synthesis.180 Numerous studies reported that 
PHEMA-based hydrogels show good blood compatibility. Copolymers including 
HEMA/styrene, HEMA/dimethylsiloxane, HEMA/ethylene oxide and HEMA/propylene 
oxide had suppressed platelet adhesion and aggregation.177 Carrying reactive functional 
groups, hydroxyl groups, (Figure 2.12) make it an interesting polymer. In addition to 
providing hydrophilic properties,40 they can be subject to a variety of interactions by 




fine example of binding the hydroxyl groups of PHEMA or HEMA monomer (before a 
polymerization process) with the carboxyl groups of 3,5-dinitrobenzoic acid or 5-
aminosalicylic acid.181 On the other hand, the hydroxyl groups prevent 2-hydroxyethyl 




Figure 2.12. Structure of poly(2-hydroxyethyl methacrylate) (PHEMA). 
The first polymerization of PHEMA was described in 1936.185 The PHEMA can 
be polymerized by free radical186,187 and anionic (with protection hydroxyl groups) 
polymerization.188,189 Since atom transfer radical polymerization (ATRP) was discovered 
in 1995, it has been shown to successfully polymerize HEMA.190,191  
Although block copolymers are more complex and difficult to synthesize than 
their homopolymers, they have new properties. PHEMA can be successfully 
copolymerized via various methods and the interest is that is the usefulness of these 
copolymers in a wide range of applications. Several examples show that PHEMA diblock 
copolymers can be prepared by reversible addition fragmentation chain transfer 




methacrylate) (PLA-b-PHEMA)192 and poly(2-(dimethyl amino) ethyl methacrylate)-b-
poly(2-hydroxyl methacrylate) (PDMAEMA-b-PHEMA).193 Well-defined di- and 
triblock copolymers for PHEMA have been copolymerized via ATRP mechanism. 
By sequential addition of monomers, diblock copolymers composed of poly(2-
hydroxyethyl methacrylate) (PHEMA) and poly(methyl methacrylate) (PMMA)191 and 
triblock copolymers poly(ethylene oxide)-b-poly(2-(dimethyl amino)ethyl methacrylate)-
b-poly(2-hydroxyl methacrylate) (PEO- b-PDMAEMA-b-PHEMA) were prepared using 
atom transfer radical polymerization.194 In accordance with the protection of the hydroxyl 
group of the HEMA monomer by trimethylsilyl protecting group, the triblock copolymers 
polystyrene-b-poly(2-hydroxyl methacrylate)-b-poly(methyl methacrylate) (PS-b-
PHEMA-b-PMMA can be synthesized by anionic polymerization process. the study 
included investigation of the surface morphology and self-assembly.195  
Furthermore, conventional radical polymerization protocol was used to prepare 
poly(2-hydroxyethyl methacrylate) block copolymer. For instance, PHEMA-b-PU (U= 
3,9-divinyl2,4,8,10-tetraoxaspiro[5.5] undecane) copolymer (Figure 2.13) was 
synthesized using azobisisobutyronitrile, AIBN, as initiator in order to evaluate its 
physicochemical characteristics, in terms of molecular weight, temperature-sensitive 






Figure 2.13. Structure of PHEMA-b-PU copolymers. 
As a new way, two polymerizations techniques were mixed to prepare PHEMA 
copolymers. Huang and co-workers197 reported the synthesis of diblock copolymers 
poly(hydroxyethyl methacrylate-b-vinyl pyrrolidone) (PHEMA-b-PVP) by the 
combination of conventional radical polymerization with ATRP.  Interestedly, PHEMA 
units can be represented arms for many multiarm star copolymers, for instance, 
poly(glycerol)-b-poly(2-hydroxyethyl methacrylate) copolymer with an average of 56, 
66, and 90 PHEMA arms as can be illustrated by Figure 2.14. The study reported that the 
viscosity of the multiarms star PHEMA is lower than that for linear PHEMA.198 
 




 Of particular interest is that PHEMA shells can be generated to fabricate surfaces 
of many nanoparticles which are either organic or inorganic cores in order to tailor 
material with new properties. PHEMA shells were grown from surfaces of iron oxide 
(Fe3O4) nanoparticles, which have magnetic properties, atom transfer radical 
polymerization technique to prepare HNPs, Fe3O4@poly(2-hydroxyethyl methacrylate), 
as can be illustrated in Figure 2.15.199 In a similar fashion, PHEMA can be brushed on 
silica nanoparticles (20 nm in diameter) that have been widely applied in a variety of 
areas to modify their properties resulting in hairy silica nanoparticles.38 
 
Figure 2.15. Fe3O4@PHEMA 
2.6 Chirality 
Chirality which was discovered by Louis Pasteur in 1848 is ubiquitous signature 
of life and now a top-class subject for academic research.200 By definition, the chirality is 
the existence of different configurations of a substance with an identical chemical 
structure. Since most biomolecules and pharmaceuticals are chiral, chirality is important 
in chemistry and biochemistry. Chiral molecules in nature exist in two possible 




chiral drug, as example, often have different physiological activity as can be seen in 
Table 2.1.44,45 











Experimentally, when a chiral molecule is synthesized, a racemic mixture is 
produced and when only a single enantiomer is often desired. The development of 
efficient techniques for the separation of enantiomers is important in several fields. Chiral 
separation methods, typically are chromatograph techniques, is currently the most 
popular and effective methods to separate the enantiomers by using various chiral 
selectors. The selectors are most often attached to stationary phases producing chiral 
stationary phases (absorbance). These methods depend on interactions with the chiral 
selectors (Table 2.2).201,202 
 
 
























Table 2.2.  Strength of Molecular Interactions 
Type of interaction Strength 
Coulomb or electric  Very strong 
Hydrogen bond  Very strong 
Steric hindrance  From weak to very Strong 
π–π interaction  Strong 
Dipole–dipole Intermediate Intermediate 
Dipole-induced dipole Weak 
Van der Waals forces Very weak 
 
 
A large number of optically active polymers have been reported with successful 
results as chiral stationary phase.203,204 Optically active polyacrylamides and 
polymethacrylamides prepared and successfully applied as chiral stationary phases for 
liquid chromatography by Blaschke and co-workers in 1971 and was used for resolution 
of many chiral drugs.43 Also, the optically active poly(diphenylacetylene) bearing a chiral 
amide moiety (Figure 2.16) was used as a chiral stationary phase for high-performance 
liquid chromatography (HPLC).42 
 
 




2.7 Polymer Blends 
Polymer blends are mixtures of two or more polymers or copolymers, in which the 
ingredient content is above 2 wt. %. Polymer blends have attracted an increasing amount 
of attention both industrially and academically over the last two decades and they have 
been a topic of much current research in materials science. Blending of polymers is an 
essential and efficient route for the development of new polymeric materials with 
excellent properties not present in either component. Blending strategy is usually easy, 
inexpensive and less time-consuming than the polymerization routes.205,206  
The polymer blends properties are strongly dependent on the characteristics of 
blend components: miscibility, morphology, compositions, structure and their interaction. 
According to those properties, they are utilized in various applications. Polymer blends 
are either homogeneous or heterogeneous. While the homogeneous blend components 
lose part of their properties and new average properties of both blend components are 
shown, in the heterogeneous blends properties of all components are present.207 
2.8 Assemblies of Nanoparticles 
 Self-assembly is a universal process and occurs every day in nature. It implies a 
phenomenon in which individual components put themselves together to tailor more 
ordered structures, by thermodynamic and other constraints, with novel properties. While 
simple nanostructures have relatively little independent functions, more complex 
aggregate nanostructures with new pattern are a constitutive part of nanoscience. Over 
the last few decades, the self-assembly model has grown scientifically into a point of 




chemistry, physics, materials science and engineering, biology and medicine. 
Achievement of self-assembly first requires synthesis of building blocks with a high level 
of perfection, depends on chemical control of the particles size and shape.194 Moreover, 
controlling their surface properties (for examples, charge, hydrophobicity, hydrophilicity, 
functionality) affect the attractive and repulsive forces between particles.189 
 As is well known, the shape, position and organization for nano-sizeed materials 
can be made by top-down and bottom-up approaches.209,56 Although, top-down methods 
are flexible and can fabricate patterns, they are limited in their ability to provide materials 
in quantity, for example, molecules. As a result, self-assembly is a bottom-up production 
technique. In some case, self-assembly is activated by using external stimuli to control 
the interactions between particles. The most usual stimuli in this respect include pH, 
temperature, solvent polarity, redox activity, or electromagnetic radiation (e.g., light).25  
 Self-assembly occur between particles and commonly called intermolecular self-
assembly. The term of intramolecular self-assembly, on the other hand, refers to folding. 
The intermolecular interactions are much weak and in where a small potential energy 
barrier from these weak interactions results in phase transitions around room temperature 
which gives rise to a rich and diverse number of structures.24 The interactions between 
HNPs, in the absence of external stimuli, can be an  internal characteristics, such as 
hydrophobicity or hydrophilicity or intermolecular forces such as hydrogen bonding or 





Figure 2.17. Self-assembly by molecular interactions. 
Additionally, HNPs can be held together via chemical interactions between 
functional groups of the polymer hairs.25,210 These chemical interactions, either reversibly 
or irreversibly, can enhance the toughness of HNPs assemblies. Agarwal et al.211 reported 
the synthesis of shape‐memory material from HNPs by cross‐linking the functionalized 
poly(ethylene glycol) hair using hexamethylene diisocyanate to form polymer bridges 
between nanoparticle.211 Another possible method to toughen assemblies of HNPs is 
corona entanglements. Experiments by Choi and co-workers demonstrated that the 
toughening of HNPs assemblies was enhanced by entanglements between surface-grafted 
chains via dissipating the fracture energy when the polymer brush is stretched.212 
Hairy nanoparticles based PS Cores have shown perfect assemblies. Zhou et al. 
synthesized HNPs, polystyrene cores with polydimethylsiloxanecan brushes. The 
obtained HNPs self-assembled into hierarchical suprastructures as can be seen in the 




styrene) brushes is another example of HNPs assemblies.213 The HNPs self-assembled to 
form toroidal morphologies as the AFM shows in the Figure 2.18 b. 
 
Figure 2.18. AFM images of (a) HNPs (polystyrene cores and polydimethylsiloxanecan 
brushes); (b) HNPs (polystyrene cores and poly(2- methoxystyrene) 
brushes) 
 
The self-assembly of chiral polymers has attracted intense interest in the past 
decade, since the ability to control the chirality of these structures has direct result in 
biology and materials science. In 2003, Jiang and Lin reported the self-assembly of chiral 
molecular polygons ranging from triangle to octagon. These authors indicated that the 
triangles and squares chiral molecular could be used for chiral sensing and asymmetric 
catalysis.214 More recently, the study was reported the self-assembly of chiral molecules 
which are complexes of HNPs (polystyrene core with poly(3-methyl-4-vinylpyridine) 
brushes) and Leucine as chiral stimuli. In this study, the author pointed out that these 
compounds with chiral properties and interesting morphologies may use in potential 
application, such as, chiral separation, recognition and chiral sensor.213 
Since self-assembly has attracted massive attention in many fields, its study has extended 




assembly structures of a polymer blend that consisting of sulfonated polystyrene and 
poly(4-vinyl pyridine) in THF/ methanol mixed solvents. This blend has potential 
applications in drug delivery and water treatment.19 Another approach reported that 
polymers of a polymer blend were self-assembled into complex nanoparticles, such as 






EXPERIMENTAL PROCEDURES  
 
3.1 Materials 
The chemicals that were used as received without any further purification are: 
calcium hydride (CaH2), N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA), 
copper (I) bromide (CuBr), 2-bromopropionyl bromide, sec-butyllithium (sec-BuLi, 1.4 
M in cyclohexane), S (+) mandelic acid, R (-) mandelic acid, sodium metal, 
benzophenone were purchased from Sigma-Aldrich Company. The solvents N, N-
dimethylformamide (DMF), methanol (MeOH), chloroform (CHCl3), and diethyl ether 
were of analytical grade and purchased from Fisher Chemical Co. and were used as 
received without any further purification. The chemical and solvent that were purified 
before use were styrene (S, Aldrich), divinylbenzene (DVB, Aldrich), propylene oxide 
(PO, Aldrich), 2-hydroxyethyl methacrylate (HEMA, 99%, Aldrich), trimethylamine 
(TEA, Aldrich) and tetrahydrofuran (THF, Aldrich). The procedures of purification are 
described below in detail. 
3.2 Purification of Reagents 
A mixture of styrene and divinylbenzene monomers (90 S:10 DVB) was stirred 
over calcium hydride for about 24 h. The mixture was deoxygenated by three freeze-
pump thaw cycles, on the vacuum line, and then distilled into ampoules equipped with 




monomer. The solvent, tetrahydrofuran, was refluxed over Na in the presence of 
benzophenone, until a deep purple color was attained. Then the solvent was degassed on 
the vacuum line, and distilled into ampoules with break-seals. All ampoules were flame-
sealed, and then stored in the freezer until needed. Monomer 2-hydroxyethyl 
methacrylate (HEMA, 99%, Aldrich) was purified twice by passing it over a short 
column filled with basic alumina to remove the inhibitor. Trimethylamine was stirred 
over calcium hydride for about 24 h and then distillation under reflux was done prior to 
use in reaction. 
 
Figure 3.1. Vacuum line with apparatus for the purification of reagents. 
3.3 Methods of Synthesis 
3.3.1 Synthesis of Poly(2-Hydroxyethyl methacrylate) (PHEMA)  
2-hydroxyethyl methacrylate was polymerized by ATRP technique. 2-
Hydroxyethyl methacrylate (5 mL) was placed into a 25 mL flask, followed by adding 




degassed with bubbling nitrogen for 50 min. 2-Bromopropionyl bromide (0.046 mL), 
which was degassed with bubbling nitrogen for at least 40 min, was added to the reaction 
flask via a nitrogen purged hypodermic syringe. The mixture was stirred for 10 min and 
the flask was transferred to an oil bath maintained at 70°C and stirred for 22 hours. The 
reaction mixture was then quenched via exposure to air and dilution with methanol. The 
resultant polymer solution was filtered through a column filled with silica to remove the 
copper complex. The polymer was obtained by precipitation of the reaction mixture into 
diethyl ether, vacuum filtration, and then drying the product in a vacuum oven at room 
temperature. The yield obtained was 1.0 g. 
3.3.2 Synthesis of Polystyrene Core Functionalized with Hydroxyl Groups (PS Core-
OH) 
 
The functionalized copolymer was synthesized by the living anionic 
polymerization technique via one-pot synthesis. The reaction was performed in a special 
glass reactor, made by using glass blowing technique, equipped with a magnetic stirrer 
connected to the vacuum line. The break-sealed ampules containing the mixture of 
monomers (S and DVB), propylene oxide (PO) and tetrahydrofuran (THF) were attached 






Figure 3.2. Diagram of the reactor used for anionic polymerization. 
The reactor was evacuated and refilled three times with nitrogen. The break seal 
ampule with the THF (20 mL) was crushed to add the solvent to the reactor, and then the 
break seal ampule with the mixture of styrene (1.50 g) and divinylbenzene (0.22 g) was 
broken to add the monomers to THF in the reactor. The mixture was cooled down with an 
isopropyl alcohol/liquid nitrogen bath to −78 °C. Under vigorous stirring, 1 mL of sec-
BuLi (1.4 M) in cyclohexane was rapidly injected into the reactor using a glass syringe 
fitted with a stainless steel needle at −78 °C. By addition of the initiator, the color of the 
reaction mixture was turned to reddish orange, characteristic of the living styryllithium 
anion. The polymerization reaction was conducted at −78 °C for 1.5 h with continuous 
stirring. In the second step of the reaction, the propylene oxide (0.4 mL) ampoule was 
smashed open by breaking the break-seal and the reaction mixture was gradually warmed 
to room temperature. The color of the solution quickly changed to yellow and became 




continuous stirring. Termination of the reaction was achieved by injecting 0.6 mL of a 
mixture of methanol/concentrated hydrochloric acid, 37% (5/1 v/v). The crude polymer 
was pipetted slowly into stirring methanol and the resulting precipitate was vacuum 
filtered, and dried overnight in a vacuum oven at room temperature. The yield obtained 
was 1.2 g. 
3.3.3 Synthesis of Bromoester End-Functionalized Polystyrene Core (PS Core-Br) 
In a 100 mL round flask connected to vacuum line, 0.1 g of hydroxyl end-capped 
polystyrene core (PS Core-OH) was placed along with a magnetic stirrer bar, and then the 
flask was evacuated and refilled three times with nitrogen. Distilled THF (20 mL) was 
injected through the septum rubber, followed by addition of 0.2 mL TEA. 2-
Bromopropionyl bromide (0.15 mL) was added dropwise to the reaction mixture using a 
hypodermic syringe. The reaction was left to stir for 23 h at room temperature. The 
reaction mixture was then filtered to remove salts, and concentrated by a rotary 
evaporator. The resulting polymer was precipitated into methanol, vacuum filtered, and 
then dried in a vacuum oven for 24 h at room temperature. The yield obtained was 85 mg. 
3.3.4 Synthesis of HNP with Polystyrene Core and PHEMA Hairs 
Atom transfer radical polymerization (ATRP) of HEMA monomer was carried 
out with 500:1:3:3 (HEMA: PS Core-Br macroinitiator: CuBr catalyst: PMDETA ligand). 
PS Core functionalized with the bromoester end-groups macroinitiator (25 mg) was 
placed into a 100 mL flask, CuBr (0.189 mg), PMDETA (0. 249 mg), HEMA (31 mg) 
and DMF (7 mL) were added. The flask was closed and subjected to three cycles of 




and the resulting mixture was stirred. The room temperature mixture was then transferred 
to an oil bath at a fixed temperature of 70˚C with constant stirring. The reaction was 
stopped after 22 hours by opening the flask and exposing the catalyst to air. The solvent 
was removed by air flow and the product was obtained by precipitation from cold 
methanol, vacuum filtered and further dried overnight in a vacuum at room temperature 
to give 37 mg of the target hairy nanoparticles. 
3.4 Preparation PS Core-OH/PHEMA Blend 
The PS Core-OH/PHEMA blend was made by dissolving the polymers (1:1 w/w) 
in DMF and stirring for 24 h at room temperature. The solvent was then allowed to 
evaporate slowly by air flow and the solid mixture was dried in oven for one day without 
heat.  
3.5 Characterization 
3.5.1 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR has numerous applications in qualitative and quantitative analysis. The IR 
spectrum of a compound is the superposition of absorption bands of specific functional 
groups. A Perkin-Elmer Spectrum 65 FT-IR spectrometer was used to record IR spectra. 
All polymer samples were recorded with KBr pellets.   
3.5.2 Nuclear Magnetic Resonance Spectroscopy (NMR) 
1H NMR,13C NMR, APT 13C NMR, and 1H 13C HMQC NMR spectra were 
recorded on Bruker AVANCE III 500 MHz spectrometer. The solvents used were 
deuterated chloroform (CDCI3), dimethylformamide ((CD3)2NCOD) and dimethyl 




3.5.3 Dynamic Light Scattering (DLS) 
Dynamic Light Scattering was used to measure the hydrodynamic diameter of PS 
Core-OH and HNPs (PS Core-PHEMA Shell). The measurements were carried out with a 
DynaPro Nanostar Wyatt Technology instrument at 25 °C. Samples were prepared in 
HPLC grade chloroform at a concentration of 1mg/mL.  
3.5.4 Thermogravimetric Analysis (TGA) 
The polymer decomposition temperature was determined using a TA-Q50 
instrument. Samples were placed in platinum pans and degraded under nitrogen flow at a 
heating rate of 10 °C/min. The samples were scanned from room temperature to 600 °C. 
3.5.5 Differential Scanning Calorimetry (DSC) 
Thermal analysis was conducted by differential scanning calorimetry using a TA 
instruments Q2000 under nitrogen atmosphere at a heating rate of 10 °C min−1 with Tzero 
Aluminum Hermetic pans and lids. The thermal transition temperatures that were 
reported are those from the second heating cycle and taken as the midpoint temperatures 
of the change in heat capacity. 
3.5.6 Circular Dichroism (CD) 
CD measurements were carried out to determine the chirality for complexes of PS 
Core-OH or HNPs (PS Core-PHEMA Shell) with (R) and (S) mandelic acid in DMF, 
using a JASCO-710 spectropolarimeter and quartz cuvette at room temperature. 
3.5.7 Scanning Electron Microscope (SEM) 
The morphology of the synthesized polymer particles was studied by SEM using 




an upper secondary electron detector. The samples were prepared by spin-coating of 1% 
polymer solution using THF/MeOH mixture (5:1) on silicon wafers followed by air-
drying and coated with gold via direct sputtering using a Technics Hummer Sputter 
Coater.  
3.5.8 Atomic Force Microscopy (AFM) 
The morphology and self- assembly of prepared polymers, chiral complexes and 
blends were obtained using a Bruker Dimension FastScan Atomic Force Microscope. The 
samples were prepared either by drop-casting or spin-coating in different solvents on a 






RESULTS AND DISCUSSION 
 
4.1 Characterization of Poly(2-hydroxyethyl methacrylate) (PHEMA) 
Atom transfer radical polymerization (ATRP) was used to synthesize linear 
PHEMA. A CuBr catalyst and PMDETA ligand were used for the homopolymerization 
of HEMA using 2-bromopropionyl bromide as initiator and DMF as solvent at 70 °C 
(Scheme 4.1). The 500 MHz 1H NMR and 13C NMR spectra of PHEMA with peaks 
assignments, using deuterated dimethyl sulfoxide (DMSO-d6) as solvent, are shown in 
Figures 4.1 and 4.2. The NMR data are in very good agreement with previously 
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Figure 4.1. 500 MHz 1H NMR spectrum of PHEMA in DMSO-d6. 
 
 





4.2 Characterization of Polystyrene Cores Functionalized with Hydroxyl Groups 
(PS Core-OH) 
 
The synthesis of polystyrene cores functionalized with hydroxyl groups was 
carried out by the method outlined in Scheme 4.2. The core was first prepared by the 
living anionic copolymerization of styrene (S) and divinyl benzene (DVB) (90 S: 10 
DVB molar ratio) in tetrahydrofuran (THF) at -78 ºC. Propylene oxide (PO) was added to 
the core followed by termination with methanol. The polymer was purified by 
precipitation to obtain the hydroxyl functionalized polystyrene cores. The polystyrene 
core functionalized with hydroxyl group was characterized using FT-IR, 1H NMR, 13C 






















































4.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)  
  The FT-IR spectroscopy was employed to determine the molecular structure of 
polystyrene core functionalized with hydroxyl groups. The FT-IR spectrum in Figure 4.3 
shows a characteristic absorption band at 3586 cm-1 corresponding to O-H stretching 
vibration mode and the low intensity of this band is due to the low density of this group 
in the structure. The peaks for the C=C aromatic are observed at 1452 cm-1, 1493 cm-1 
and 1601cm-1. The peaks in the range of 2900-3000 cm-1 correspond to the aliphatic C-H 
stretching, and the C-H aromatic peaks are in the range of 3000-3090 cm-1.  
 
Figure 4.3. FT-IR spectrum of PS Core-OH. 
4.2.2 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
1H NMR spectroscopy was employed to determine the compositions of the 
polystyrene core-OH and the spectrum is shown in Figure 4.4 a. The spectrum shows a 




carbon atom next to the terminal hydroxyl group. This peak is not present in 1H NMR 
spectrum of PS Core (Figure 4.4 b) which was not functionalized with the OH group. 
Pure PS core was prepared in a previous study by Khan’s group.55  
 
 
Figure 4.4. 500 MHz 1H NMR spectra of (a) PS Core-OH; (b) PS Core in CDCl3 
Protons of the polystyrene backbone are seen in the range from 0.9 to 3.0 ppm, 
and the aromatic protons are seen in the range from 6.2 to 7.4 ppm. The peak at 0.74 ppm 




clearly seen that there are no signals at 5.1 to 5.6 ppm assigned to methylene protons 
(CH2=CH2) of unreacted vinyl groups stemming from the cross-linker DVB. This 
indicated that all vinyl groups of the cross-linkers were copolymerized and resulted in the 
formation of cross-linked polystyrene core particles. The degree of functionalization was 
estimated from the integration ratio of the methine proton from propylene oxide unit to 
the six methyl protons from sec-butyl end group. The polystyrene core was 100% 
functionalized. The spectrum is referenced at 7.27 ppm with respect to deuterated 
chloroform which is used as the NMR solvent. 
4.2.3 Carbon Nuclear Magnetic Resonance Spectroscopy (13C NMR) and Attached 
Proton Test Nuclear Magnetic Resonance Spectroscopy (APT 13C NMR) 
 
13C NMR spectroscopy was used to analyze for the possibility of oligomerization 
of the propylene oxide chain end and the regiochemistry of the nucleophilic ring-opening 
of propylene oxide. The 13C NMR spectrum of the polystyrene core functionalized with 
hydroxyl group is shown in Figure 4.5 and the peaks observed in the spectrum can be 
assigned as shown in Table 4.1. The spectrum shows peaks in the regions of 22-25 ppm 
and 65-67 ppm. The region between 22 ppm and 25 ppm corresponds to the methyl 
carbon resulting from attack of the polystyrene organolithium core at the least hindered 
carbon to form a secondary alcohol chain end functional group, and the area between 65-
72 ppm that has one signal at 65.4 ppm is assigned to the carbons bonded to oxygen.
 
Furthermore, no peaks are observed in the region of 10-20 ppm expected for the methyl 













Figure 4.5. 125 MHz 13C NMR spectrum of PS Core-OH in CDCl3. 
Carbon # Chemical Shifts (ppm) Carbon # Chemical Shifts (ppm) 
1  11.0-11.4 9  22-25 
2  28-30.2 10  145-146 
3  31.5 11  126-127 
4  15.7 12  126-127 
5  39.3-41 13  125 
6  41.4-45 14  145-146 
7  45 15  126-127 




For further evidence of this conclusion, APT-13C NMR experiments were carried 
out on the PS core-OH sample. In this type of NMR experiments the signals for 
methylene carbons appear with a normal phase and those for methine and methyl carbons 
appear as an inverted phase. Quaternary carbons are unmodulated. It can be observed 
from Figure 4.6 that the spectral region that contains the signal from the functional chain-
end carbons, 22-25 ppm, shows only inverted phase peak, indicating absence of any 
methylene-type carbons within this spectral region. 
 
Figure 4.6. 125 MHz APT 13C NMR spectrum of PS Core-OH in CDCl3. 
Thus, it can be concluded from 13C NMR spectroscopy that the functionalization 
of polystyrene organolithium core with propylene oxide in tetrahydrofuran results only in 




spectrum is used as evidence of the purity of the hydroxylated polystyrene core by the 
fact that the resonance corresponding to the terminal carbon of polystyrene core (-CH2-
Ph) at 33.6 ppm is not observed in the corresponding 13C NMR spectrum. The spectra 
were referenced at 77 ppm with respect to deuterated chloroform which was used as the 
NMR solvent. 
4.2.4 Thermogravimetric Analysis (TGA) 
The thermal stability of polystyrene core functionalized with hydroxyl groups was 
characterized by means of TGA from 20°C to 600°C in nitrogen
 
atmosphere at a heating 
rate of 10 °C/min and the result compared with TGA for the unfunctionalized polystyrene 
core (PS Core) as illustrated in Figure 4.7. The TGA curves of polystyrene core 
functionalized with hydroxyl groups and of polystyrene core are significantly different. 
Polystyrene core functionalized with hydroxyl groups began to degrade at ~ 434°C while 
the unfunctionalized polystyrene core started to decompose at ~ 416°C. The polystyrene 
core functionalized with hydroxyl groups displays higher thermal stability than the 
unfunctionalized polystyrene core. These results seem to indicate that the presence of 
hydroxyl groups on the surface of polystyrene core improves the thermal stability perhaps 





Figure 4.7. TGA thermograms of PS Core-OH and of PS Core. TGA was performed in 
nitrogen atmosphere at a heating rate of 10 °C/min. 
4.2.5 Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry, DSC, is a thermal analytical technique by 
which the glass transition temperature (Tg), which is the among the more important 
thermodynamic parameter for polymers, can be measured. Glass transition temperature is 
the temperature where segments of the polymer chain undergo motion and this results in 
a decrease in the polymer hardness. Above the glass transition temperature, the polymer 
is soft and flexible. By applying heat, which is a form of kinetic energy, i.e. by increasing 
temperature, the glass transition temperature is the onset of the segmental mobility and 
this temperature in a function of the structure of the polymer. At the glass transition 
temperature, several changes take place in the physical properties of the polymers, 




addition, the segmental mobility of the polymer chains are affected by interactions 
between the chains.180 DSC thermogram of the PS Core-OH shown in Figure 4.8 
exhibited a single glass transition temperature (Tg) at 116.21°C. As compared with Tg of 
the unfunctionalized PS Core particles (at 88.44°C, Figure 4.8), the higher Tg of PS Core-
OH is attributed to motional restriction of the chain ends due to hydrogen bonds 
interactions between particles. 
 
Figure 4.8. DSC thermograms of PS Core-OH and PS Core. 
4.2.6 Dynamic Light Scattering (DLS) 
An efficient method of determining the size distribution profile of particles of a 
polymer in solution is by dynamic light scattering, DLS. Particle size, represented in 
diameter, can be determined by measuring the random changes in the intensity of light 




refers to how a particle diffuses within a solution, so it is referred to as a hydrodynamic 
diameter, Dh. The average hydrodynamic radius of the polystyrene core functionalized 
with hydroxyl group is observed to be about 50 nm as can be seen in the particles size 
distribution profile in Figure 4.9.  
 
 
Figure 4.9. The particles size distribution of PS Core-OH. 
4.2.7 Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) can be utilized for the morphological 
characterization of polystyrene core functionalized with hydroxyl functional group and 
can provide excellent insight into the structure and size of particles. It can be seen from 
the SEM images (Figure 4.10 a and b) that the functionalized polystyrene cores particles, 
prepared by spin-coating in THF:MeOH mixture (5:1 v/v) on silicon wafers and coated 
with gold, are spherical, and surfaces are smooth compared with surfaces of 
unfunctionalized polystyrene cores particles (PS Core) that are porous. The proposed 
reason for this observation may be due to presence of hydroxyl groups on the surfaces of 

















networks to make smooth surfaces without pores (Figure 4.11). SEM was further 
employed to measure the size of functionalized polystyrene core particles. The particle 




Figure 4.10. SEM images of samples prepared by spin-coating dispersions of 1mg/ml in 











4.2.8 Atomic Force Microscopy (AFM) 
The morphological characterization and the particle size of functionalized 
polystyrene core were further investigated by atomic force microscopy (AFM). Figure 
4.12 a and b shows the AFM images of the functionalized polystyrene prepared by drop- 
casting on a silicon wafer in different solvents, THF and DMF. It can be observed the 
spherical particles with smooth surfaces without pores, are observed, and the result agrees 
with SEM images. The size of particles was measured by AFM, and the diameter of the 
particles was found to be in the range between 73 nm and 5480 nm. The smaller particles 
plausibly combine or fuse together to form the larger particles.  
 
 
Figure 4.12. AFM images of PS Core-OH prepared by drop-casting dispersions of 
1mg/ml (a) in THF; (b) in DMF. 
4.3 Polystyrene Core Functionalized with Hydroxyl groups and Mandelic Acid 
Complexes 
4.3.1 Circular Dichroism Measurements  
The power of circular dichroism (CD) spectroscopy can be applied to the study of 





core particles, are not chiral compounds, so the induction of chirality into such species is 
a fundamental requirement for the carrying out CD studies of achiral PS Core-OH. The 
CD spectral studies were used to investigate the induced chirality for PS Core-OH 
prepared by complexation with optically active mandelic acids, i.e. R- and S- mandelic 
acids (Figure 4.13). The CD spectra of PS Core-OH and R-MA or S-MA complexes (3 
mg PS core-OH/7 mg S- or R-MA/3 ml DMF) at room temperature show three opposite 
cotton effect signals at 204.6 nm, 211.8 and 218 nm, indicating formation of 








S (+) Mandelic acid R (-) Mandelic acid  
Figure 4.13. R- and S- Mandelic acids. 
 
 
Figure 4.14. CD spectra of PS Core-OH /R- and S-mandelic acid complexes in DMF at 




4.3.2 Atomic Force Microscopy (AFM) 
The morphological characterization of PS core-OH and S-mandelic acid complex 
was studied by atomic force microscopy (AFM). The complex solution (3mg PS core-
OH/7mg S- or R-MA/3ml DMF) was drop-casted onto a silicon wafer and air-dried, 
followed by AFM imaging. As can be seen in Figure 4.15 a, the two dimensional (2D) 
AFM image of PS core-OH/ S-mandelic acid complex shows cone-like morphology, i.e. 
the structure is a valley surrounded by hills. The cones are at a height of ~ 864.7 nm as 
can be seen in the three dimensional (3D) AFM image as it is observed in Figure 4.15 b. 
The exact mechanism for the formation of the cones is not understood. 
 
 
Figure 4.15. AFM images of PS Core-OH/S-Mandelic acid complex (a) 2D; (b) 3D. 
4.4 Analysis of Bromoester End-Functionalized Polystyrene Cores 
Polystyrene core functionalized with hydroxyl group or hydroxyl capped 




modified by an esterification reaction under nitrogen to yield haloester species. The 
haloester will readily react as a macroinitiator for atom transfer radical polymerization. 
The chemical reaction involved in this synthesis is shown in Scheme 4.3. The obtained 






















































Scheme 4.3. Synthesis of bromoester end-functionalized polystyrene core. 
4.4.1 Fourier Transform Infrared Spectroscopy (FT-IR)  
The FT-IR spectroscopy was employed to determine the functional groups and type of 




hydroxyl groups on the surface of the PS Core-OH. FT-IR analysis results indicated the 
existence of characteristic adsorption bands of PS-Br (Figure 4.16). In comparison with 
the FT-IR spectrum of PS Core-OH (Figure 4.3), new absorption peaks are observed at 
1737 cm-1 and at 1261 cm-1 corresponding to >C=O and C-O-C, respectively, of 2-
bromopropionyl group which are not present in the PS Core-OH. The intensities of the 
peaks were weak but distinct; the low intensities are probably due to the low density of 
these groups in the structure. This indicates successful introduction of the ester functional 
group on the surface of the PS-Core.  
 
Figure 4.16. FT-IR spectrum of bromoester functionalized polystyrene core. 
4.4.2 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
NMR spectroscopy was employed to determine the compositions of bromoester 
functionalized polystyrene core (PS Core-Br) as can be seen in Figure 4.17. The 1H NMR 




the protons of PS Core-OH as well as for the methyl protons of the sec-butyl groups at 
the chain end. A 1H NMR peak shows at 4.4 ppm which can be assigned to the methine 
proton of bromoester group. Comparing with the 1H NMR spectrum of PS Core-OH 
displayed in Figure 4.4, the signal for methine proton at 3.7 ppm shifted to 4.1 ppm for 
PS Core-Br, indicating that the esterification reaction was complete.  
 
Figure 4.17. 500 MHz 1H NMR spectrum of PS Core-Br in CDCl3. 
4.5 Analysis of Hairy Nanoparticles: Polystyrene Cores and Poly(2-hydroxyethyl 
methacrylate) Shells ( HNPs (PHEMA@P(S/DVB))) 
 
Atom transfer radical polymerization (ATRP) of HEMA monomer was carried 
out with 500:1:3:3 (HEMA: PS Core-Br macroinitiator: CuBr catalyst: PMDETA ligand) 
ratio and DMF as solvent at 70 °C as outlined in Scheme 4.4. After 22 h, the polymer 
particles were precipitated into cold methanol to yield the HNPs (PS Core-PHEMA 




was 15 % of total polymer particles as obtained from TGA. The success of the 
polymerization reaction was confirmed by FT-IR, 1H NMR, 13C NMR and 1H 13C HMQC 
NMR analyses. SEM and AFM are used for morphology characterization. The thermal 
analysis of the synthesized HNP was studied by using TGA and DSC, and particle size 





























Scheme 4.4. Synthesis of HNPs (PS Core-PHEMA Shell). 
4.5.1 Fourier Transform Infrared Spectroscopy (FT-IR) 
The success of the polymerization of HEMA by ATRP as a shell on the surface of 
cross-linked polystyrene core particles was confirmed by FT-IR. In the IR spectrum 
Figure 4.18, a characteristic peak at 1737 cm-1, which is assigned to the ester carbonyl 




band corresponding to −C−O−C− in PHEMA shell can be seen from 1020 cm-1 to 1300 
cm-1. In addition, the broad band in the range of 3250 - 3600 cm-1 can be assigned to the 
OH vibrations of the side groups in the PHEMA shell. The IR spectrum also shows  
vibration peaks of PS Core represented in C=C stretching of the aromatic ring at 1452 
cm-1, 1493 cm-1 and 1601cm-1, aromatic C−H stretching in the range of 3000-3090 cm-1 




Figure 4.18. FT-IR spectrum of HNPs (PS Core-PHEMA Shell). 
4.5.2 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
The presence of PHEMA brushes in the particle was confirmed by the appearance 
of the characteristic signals in the 1H NMR spectrum as shown in Figure 4.19. A 1H 
NMR signal at 3.8 ppm attributed to −CH2−OH group of the PHEMA block appears. The 
chemical shift at 4.1 ppm is assigned to the methylene group of PHEMA 




groups. The missing signal at 4.4 ppm in 1H NMR spectrum, assigned to the methine 
proton of bromoester segment, shifted to low absorption and overlapped with protons of 
the backbone chain of copolymer, resonating at 1.1 ppm to 2.8 ppm, as a result of 
disappearance of electron withdrawing bromine. The chemical shift at 4.1 ppm is 
assigned to the methylene group of PHEMA (−CH2−OC=O−) and methine group of 
propylene segment adjacent to the carboxylate groups. The 1H NMR spectrum also shows 
the PS Core peaks at the expected chemical shifts. These are confirmations that the target 
product has indeed been synthesized.  
 
Figure 4.19. 500 MHz 1H NMR spectrum of HNPs (PHEMA@P(S/DVB) in CDCl3. 
4.5.3 Carbon Nuclear Magnetic Resonance Spectroscopy (13C NMR) 
The 13C NMR spectrum of HNPs (PHEMA@P(S/DVB) is shown in Figure 4.20. 
The structure and composition of the polymeric nanoparticles is consistent with the 







Table 4.2. Observed 13C NMR Chemical Shifts for HNPs (PHEMA@P(S/DVB) 
 
 
Figure 4.20. 125 MHz 13C NMR spectrum of HNPs (PS Core-PHEMA Shell) in CDCl3. 
Carbon 
# 








Chemical Shifts  
(ppm) 
1 11.0-11.4 9 22-25 18 37 
2 28-30.2 10 145-146 19 21.6 
3 31.5 11 126-127 20 57-58 
4 15.7 12 126-127 21 44-46 
5 39.3-41 13 125 22 16-18 
6 41.4-45 14 145-146 23 177-179 
7 45 15 126-127 24 65-66 




4.5.4 1H 13C Heteronuclear Multiple Quantum Coherence (1H 13C HMQC)  
The 2D NMR analysis, 1H 13C HMQC, was carried out to provide more evidence. 
1H 13C HMQC correlation spectrum established the directly bonded carbons and 
hydrogens as can be seen in Figure 4.21. From the spectrum, cross-peak centered at 
59/3.8 ppm is assigned to one bond coupling of methylene carbon in PHEMA 
(−CH2−OH) with their protons. The methylene carbon in PHEMA (−CH2−OC=O−) at 66 
ppm and methine carbon of propylene segment at 68 ppm adjacent to the carboxylate 
groups displayed one bond correlations with the proton signal at 4.1 ppm. The result is 
that the methine proton of propylene segment is overlapped with the methylene protons 
of PHEMA at 4.1 ppm. The 2D HMQC NMR spectrum also shows correlations of all 
polymer carbons at the expected chemical shifts with their protons signals. 
         
 




4.5.5 Thermogravimetric Analysis (TGA) 
Figure 4.22 shows the TGA curves of the PS Core and the synthesized HNPs. For 
PS Core, the weight loss is confined to a single-step degradation pattern. A distinct two 
step degradation process is observed for the HNP sample. The onset of the first weight 
loss at about 308 °C corresponds to the decomposition of the PHEMA shell component, 
the ester bonds breakdown in the structure. The second weight loss commences at about 
416 °C corresponding to the decomposition of the PS Core. A consequence of the above 
result is that the thermal stability of PS Core was not affected by grafting PHEMA on the 
core surfaces and this may be due to the ease of breakdown of ester bonds that bind the 
PHEMA blocks in the structure. The content of the PHEMA shell calculated from the 
TGA data was about 15%, which also demonstrates grafting of PHEMA on the surface of 
PS core by ATRP. Remarkably, the HNP sample began to lose weight (~ 6.5%) almost 
immediately after heating started and this may be due to the loss of water linked to the 
hygroscopic PHEMA segment. In HEMA polymers and copolymers bound water might 
reach up to 10% of the mass loss.216  
In addition, a derivative weight loss curve can be used to tell the point at which 
weight loss is most apparent. In Figure 4.23, the maximum derivative weight losses are at 






Figure 4.22. TGA thermograms of HNPs (PHEMA@P(S/DVB) and of PS Core. 
 
Figure 4.23. A derivative weight loss curve of HNPs (PHEMA@P(S/DVB) from TGA. 
4.5.6 Differential Scanning Calorimetry (DSC) 
DSC studies were carried out to determine the thermal properties of HNPs. Glass 
transitions temperature can be measured by this technique. Figure 4.24 is the DSC 




showed two clearly separated transitions corresponding to a glass transition temperature 
of PS Core segment at 107 °C and a glass transition temperature of PHEMA segment at 
62°C, indicating phase separation. As compared with glass transition temperatures for 
PHEMA and PS Core-OH, the lowering of the Tg of PS and higher Tg of PHEMA in the 
HNPs are attributed to the interplay between the PS and PHEMA segments.  
On the other hand, the increase in Tg of PHEMA segment can be attributed to the 
impeding the segmental mobility by the presence of the PS Cores. Moreover, the 
presence of hydroxyl groups in the PHEMA units can enhance the interaction between 
the particles, resulting in increasing the glass transition temperature of PHEMA hairs. 
 
 
Figure 4.24. DSC thermograms of HNPs (PHEMA@P(S/DVB), PS Core-OH and 
PHEMA. 
 
4.5.7 Scanning Electron Microscopy (SEM)  
Films of the synthesized HNPs was prepared by spin-coating in THF/MeOH 




studied by SEM. The SEM image showing the detailed surface morphology of the HNPs 
is shown in Figure 4.25. HNPs (PHEMA@P(S/DVB) showed multiple-sized spherical 
morphology with porous surfaces.  
 
                  
Figure 4.25.  SEM image of HNPs (PHEMA@P(S/DVB) prepared by spin-coating 
dispersion of 1mg in 1ml THF/MeOH mixture (5:1v\v) and coated with 
gold. 
 
4.5.8 Atomic Force Microscopy (AFM) 
The structure, size and self-assembled morphology of PS Core-PHEMA Shell 
were characterized using AFM analysis. DMF was used as solvent to prepare the HNP 
(PHEMA@P(S/DVB) sample in order to study the surface. AFM showed morphology 
which was different from the images observed by SEM. As can be seen in Figure 4.26 a 




clearly indicates the PHEMA shelled to PS core particles. The PHEMA shells on the 
cores surfaces self-assembled to form zigzag surfaces. The sizes of obtained HNPs were 
further measured investigation by AFM, and the diameter of the particles was found to be 
in the range between 63 nm and 1.39 μm. The HNPs (PHEMA@P(S/DVB) self-
assembled to form supra assembly spherical particles with zigzag surfaces. As can be 
seen in Figure 4.26 c-d, the  two large particles (1.15μm in diameter) were able to 
connect and fuse together to form larger particles. Similarly, three (1.2μm in diameter) or 
four (1.3μm in diameter) particles with the same size particles can combine together to 
form fused groups from equivalent particles. 
 
 
Figure 4.26. AFM images of self-assembly of HNPs (PHEMA@P(S/DVB) prepared by 
drop-coating dispersion of 1mg in 1ml DMF (a) and (b). AFM images of 
supra-assembly of HNPs; (c) group of particles with 1.15μm in diameter; (d) 
groups of particles with 1.2μm in diameter); (e) group of particles with 






4.5.9 Dynamic Light Scattering (DLS) 
Dynamic light scattering, DLS, studies was used to determine particle size of 
HNP represented in hydrodynamic dimeter, Dh (Figure 4.27). The average hydrodynamic 
radius of the HNPs, PHEMA@P(S/DVB), is observed to be about 66 nm as can be seen 
in the particles size distribution profile in Figure 4.28. Comparing with the size of PS 
Core-OH (Figure 4.9), the mean Dh for HNPs increases and that is most likely due to the 
PHEMA blocks brushed on the PS Core surface.  
 


























4.6 HNPs (PHEMA@P(S/DVB)) and Mandelic Acid Complexes 
4.6.1 Circular Dichroism Measurements  
The CD spectra of obtained HNPs in the presence of chiral stimuli, R- and S- 
mandelic acids, were determined to demonstrate the effect chiral compounds on the 
HNPs. Upon the addition of enantiomeric mandelic acids, the complexes (4mg PS core-
OH/7mg S- or R-MA/4ml DMF) showed three intense couples of positive and negative 
cotton effects around 260 nm, 268 nm and 277 nm in the CD spectra as can be seen in 
Figure 4.29, indicating the formation of enantiomeric molecules. 
 
 
Figure 4.29. CD spectra of HNPs (PHEMA@P(S/DVB) /R- and S-Mandelic acid 
complexes in DMF at room temperature.  
 
4.6.2 Atomic Force Microscopy (AFM) 
Atomic force microscopy was employed to observe the self-assembly of the 
obtained HNPs system in presence of S-MA as chiral stimuli. The van der Waals and 
hydrogen-bonding complex of HNPs (PHEMA@P(S/DVB) and S-MA prepared in 




was self-assembled into chiral architectures and the result is donut like structures with 
size in the range between 200 nm to 5000 nm as can be seen in Figure 4.30 a and b. Such 
self-assembled structures are called toroids and they are unique in appearance to other 
self-assembled structures. The 3D AFM images of HNPs/ S- mandelic acid complex 
show clearly image of a toroid-like morphology structures with height in the range 
between 46 nm to 58 nm. As shown in Figure 4.30 c, 3D AFM image of a toroidal 
structure with inter diameter 75 nm, outer diameter 224 nm and height 54 nm. The exact 
mechanism for the formation of the toroids is not understood. Figure 4.31 shows 
development toroidal self-assembled structure for 96 nm nanoparticles to get 492 nm a 
toroidal structure. The formation of self-assembled toroid structures have been reported 
in the literature.213 
 
 
Figure 4.30. AFM images of HNPs (PHEMA@P(S/DVB) /S-MA complex prepared by 
drop-casting dispersion in CHCl3 (1 mg HNPs: 1mg S-MA: 1ml CHCl3 (a-






Figure 4.31. AFM images of growing a toroidal self-assembled structure of HNPs 
(PHEMA@P(S/DVB) /S-MA complex prepared by drop-casting dispersion 
in CHCl3 (1 mg HNPs: 1 mg S-MA: 1 ml CHCl3).  
 
Interestingly, when the local particle concentration is very low (1 drop of drop-
casted CHCl3 sample solution on the silicon wafer), the particle sizes are almost uniform 
(Figure 4.30 a and b). As can be observed in Figure 4.32 when the local particle 
concentration is high (a second drop of CHCl3 sample solution drop-casted on the first 
drop), the structures show supra assembly, groups of toroidal morphologies, which are 
not continuous but broken up into long and short islands. This is probably due to 
increasing the concentration of the sample on the silicon wafer which gives an 




Figure 4.32. AFM images of HNPs (PHEMA@P(S/DVB)/S-MA complex prepared by a 




4.7 Polystyrene Core Functionalized with Hydroxyl Groups (PS Core-OH) and 
Poly(2-hydroxyethyl methacrylate) (PHEMA) Blend 
 
The combination of two different polymers is a simple route for combining the 
attractive features of those different materials in order to enhance the deficient 
characteristics of a particular material. Polymer blends of PS Core-OH and PHEMA were 
prepared by solution blending method in DMF and the morphological and thermal 
studied were characterized. 
4.7.1 Morphological Characterization 
The morphology of a PS Core-OH/PHEMA blend (1:1 % w/w) was studied by 
atomic force microscopy (AFM). Figure 4.33 shows the AFM images of the blend sample 
prepared in THF/DMF mixture (1:1v/v) and spin-coated on the silicon wafer. The AFM 
image of the blend shows network structures, i.e. the structure is spherical particles and 
connecting string like structures between particles due to assembled unimers. 
 





4.7.2 Thermal Analysis 
4.7.2.1 Thermogravimetric Analysis (TGA) 
The thermal stability of the PS Core-OH/PHEMA blend (15% wt. PHEMA) was 
investigated by means of TGA from 20°C to 600°C in nitrogen
 
atmosphere at a heating 
rate of 10 °C/min and the result compared with TGA for HNPs (PS Core-PHEMA Shell) 
as shown in Figure 4.34. A distinct two step degradation process is observed for the blend 
sample. The onset of the first weight loss corresponds to the decomposition of the 
PHEMA shell components and the second weight loss is attributes to the decomposition 
of the PS Cores. The PHEMA segments in the blend began to degrade at ~ 288°C and the 
PS cores segments at 408 while in HNPs, the PHEMA segments started to decompose at 
~ 314 °C and the PS cores segments at 416 °C. A consequence of the above result is that 
the HNPs display higher thermal stability than the blend.  The higher thermal stability of 
the HNPs are most likely because of the covalent bond connecting the two phases 
whereas in the blend the two components or phases are held together by weaker hydrogen 
bonds. Furthermore, the core-shell system is highly organized system compared to the 
blend system. In the HNPs the PHEMA hairs extend orderly away from the cores 








Figure 4.34. TGA thermograms of PS Core-OH/PHEMA blend and HNPs (PS Core-
PHEMA Shell). 
4.7.2.2 Differential Scanning Calorimetry (DSC) 
The DSC thermograms for the blends of different compositions are shown in 
Figure 4.35. The blends show two glass-transitions, one for phase of PHEMA block and 
the other for phase of PS Core-OH, which suggests the formation of a phase separated 
system. Both neat PHEMA and neat PS-Core-OH exhibit only one Tg at 50°C and 116°C, 
respectively (Figure 4.24). The PHEMA phase changed upon mixing of PHEMA with PS 
Core-OH. The increase in Tg for PHEMA can be attributed to the PS impeding the 
segmental mobility of the PHEMA chains by interacting with the chains. The more 
significant changes can be observed for the second glass-transition temperature, which 
decreases with increasing content of PHEMA in the blend, i.e. from 113.01°C to 
111.79°C for 15 to 30 wt. % PHEMA, respectively. This result could be due to the 




distance or free volume between the PS cores. The greater distance weakens interaction 
between the cores. Less heat is now required to initiate segmental motion in the PS cores, 
thus lowering their Tgs. 
 










 In summary, the synthesis of phase separated polymeric HNPs consisting of PS 
cores and PHEMA hairs were successfully done by combining living anionic 
polymerization and atom transfer radical polymerization techniques. Polystyrene cores 
were in-situ formed by living anionic copolymerization of S and DVB and then PO was 
reacted with living cores to functionalize their surfaces by hydroxyl groups. PHEMA 
hairs were then grafted on the polystyrene core nanoparticles surfaces. FT-IR, 1D NMR 
and 2D NMR were used to confirm the structure of HNPs. TGA curves show that the 
functionalization of PS cores by hydroxyl groups increased their thermal stability 
compared to the unfunctionalized core. On the other hand, the grafting of PHEMA did 
not thermally affect the PS cores stability because of the ease of breakdown the ester 
bonds. The two glass transitions were clearly seen in the DSC thermograms of the HNP 
and this indicates the presence of a hydrophobic PS core phase and a hydrophilic 
PHEMA shell phase in the HNP. As observed by AFM and SEM images, solvents have 
significant effect on the surface morphologies of hairy nanoparticles. Porous surfaces, 
which were observed using mixture of methanol and THF. The HNP showed zigzag 
surfaces when DMF was used as dispersing solvent and this suggests that the hair chains 




mandelic acids with obtained HNPs or PS Core-OH served as building blocks that self-
assemble into well-ordered hierarchical suprastructures with interesting morphologies 
and chiral properties. The AFM image of PS Core-OH and PHEMA blend shows 
spherical structures connected by string like structures. This work reported is a starting 
point for the study of the synthesis and characterization of hairy-nanoparticle systems 
with hydrophobic cores and hydrophilic hairs. The synthesis of HNPs with controlled 
topology, composition and functionality, followed by their self-assembly opens up 
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